ABSTRACT Microbial control of red imported Þre ant, Solenopsis invicta Buren, by the entomopathogenic fungus, Beauveria bassiana (Balsamo) Vuillemin, has been inconsistent. Therefore, fungal isolates and precisely controlled soil moisture and composition were investigated as possible limiting factors. For each experiment, ant colonies were collected from the Þeld and placed into 19-liter buckets at room temperature. Fungal inoculation in all experiments was by point-source placement of B. bassiana growing in a single 100 by 15 mm petri dish into the colony; data were collected for 8 Ð10 wk on percentage infection and on ant numbers by a stake-count method and by a population-index rating. Two fungal isolates did not differ in efÞcacy, and both were inferior to GardStar (permethrin) in killing the ants. B. bassiana reduced ant numbers more effectively in Ϫ0.2 bar soil than in Ϫ0.5 bar soil, which in turn was better than 0 bar (wet) or Ϫ1.0 bar (dry) soil moisture. Even in dry soil (Ϫ1.0 bar), however, up to 22.5% of the ants were infected. According to all three parameters, B. bassiana killed more ants in silt (70:15:15, silt:sand:clay) and in sandy soil (15:70:15) than in clay (15:15:70). Results with B. bassiana in clay did not differ signiÞcantly from the control.
THE RED IMPORTED FIRE ant, Solenopsis invicta Buren, is a pest in much of the southern United States. This ant is highly invasive and omnivorous, and the workers sting viciously, repeatedly, and in large numbers. These characteristics make the red imported Þre ant one of the few insects that is a signiÞcant pest in medical, urban, agricultural, and ecological settings. These ants injure humans, pets, farm animals, and wildlife. They build unsightly mounds that can damage farm equipment. They are destructive to irrigation and electrical equipment, harm crops and fruits directly or indirectly, and negatively impact biodiversity (Vinson 1997 , Taber 2000 , Williams et al. 2001 , Wojcik et al. 2001 . Chemical controls at times have caused more ecological damage than the ants themselves and are not persistent (Taber 2000 , Williams et al. 2001 ); those in current use generally have some toxicity to humans and animals, which can be of particular concern in urban settings. Chemical insecticides will continue as the backbone for integrated pest management (IPM) of S. invicta (Williams et al. 2001) , but this situation clearly calls for safe and environmentally friendly control methods as well.
The entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin has potential as a safe, perhaps persistent, microbial pesticide for S. invicta. This fungus is adapted to infecting insects in the soil, does not have to be ingested but infects its hosts by contact, is virulent, grows readily on artiÞcial media, can be used safely, and produces conidia that can persist in soil (McCoy et al. 1988 , Goettel et al. 2001 . Applications of B. bassiana have reduced S. invicta populations by up to 100% in laboratory and 91% in Þeld experiments (Stimac et al. 1989 , b, Oi et al. 1994 , Thorvilson et al. 2002 . However, control with B. bassiana has been inconsistent and has not yet approached the high levels of short-term suppression that can be achieved with chemical pesticides (Taber 2000 , Williams et al. 2001 .
There are numerous possible reasons for the inconsistent efÞcacy of B. bassiana. Social insects in general are difÞcult targets for microbial control, and S. invicta is no exception. Aside from the normal insect immune responses, S. invicta may ward off fungal pathogens with their venom (Storey et al. 1991) , grooming, secretions, nest hygiene, avoidance behavior, dispersal, and colony movement (Oi and Pereira 1993) . It seems unlikely, however, that ant defenses are entirely responsible for the inconsistent efÞcacy. With some variation, such defenses would be expected in every colony, yet some are killed by fungal application and some are not (Oi et al. 1994) . This implies that environmental or fungal factors may be at least partly responsible for the inconsistency. Different fungal strains or isolates can vary in their virulence or other characteristics (Tanada and Fuxa 1987) . Isolates of B. bassiana were compared against S. invicta in Brazil (Stimac et al. 1987 , Alves et al. 1988 , and two isolates have been researched for control of S. invicta in the United States but not compared directly: Bb447 , Oi et al. 1994 and Bb2484 (Bextine and Thorvilson 1998) . Soil factors might be expected to play a role, because the simple presence of soil limits infections (Pereira and Stimac 1992) . Antagonistic agents in nonsterilized soil ) and nutritional soil amendments ) affected B. bassiana efÞcacy against S. invicta. However, there has been no research on effects of soil moisture or composition in this host/pathogen system. The purpose of this research was to determine whether fungal isolates, soil moisture, or precisely controlled soil composition affect the prevalence of B. bassiana in red imported Þre ants.
Materials and Methods
Ant Colonies. Entire S. invicta colonies were dug from the ground at a site near Baton Rouge, LA. These were apparently monogyne colonies, based on numbers of mounds per unit area and the presence of major workers and only one queen per colony (Vinson 1997) . New colonies were collected for each of the three experiments, and every colony at the time of collection had a population-index rating (Williams et al. 1999 ) of 9 or 10, or in other words, at least 10,000 ants with brood visible. Colonies were returned to the laboratory in individual, 19-liter buckets, and they were slowly ßooded in a manner such that each colony was forced to transfer itself to a new 19-liter bucket with controlled soil types. All soils were autoclaved at 121ЊC for 24 h before being used in the experiments. All buckets were coated with liquid PTFE 30 (Teßon; DuPont, Wilmington, DE) inside the top 10 cm to prevent escape. Each colony was allowed to settle into its experimental bucket for 2 wk before the experiment was begun. Each colony was given 10 dead crickets every second day, with water provided from a plastic tube plugged with cotton. Experiments were run at 21Ð25ЊC.
Fungal Isolates. Isolates Bb447 (No. 20872; American Type Culture Collection) and Bb2484 (No. 2484; USDA-ARS Collection of Entomopathogenic Fungal Cultures) were grown in 15 by 100-mm (diameter) petri dishes on SabouraudÕs dextrose agar plus 1% yeast extract (SDAY; Difco, Sparks, MD). The center of each petri dish was inoculated with 1Ð5 ϫ 10 7 conidia in 0.1 ml sterile distilled water. Each dish was rotated on a turntable to spread the inoculum over the surface, and the inoculated plates were incubated at 26.7ЊC. In all three experiments, fungus was inoculated into a colony by burying a single, uncovered, petri dish upside down and 1.5 cm deep in the middle of the colony, where it remained with conidia for the duration of the experiment. At the time of inoculation, the SDAY in each dish was 100% covered with B. bassiana that had just begun producing conidia within the last 24 Ð 48 h based on microscopic examination. This inoculation method, which allowed for intra-colony transmission, provided Ͻ100% mortality in the buckets over an 8-to 10-wk period, thereby permitting comparisons among treatments.
Fungal Isolates Experiment. The Þrst experiment compared the capability of two B. bassiana isolates and the chemical insecticide GardStar (permethrin A.I.; Y-Tex, Cody, WY) to reduce ant numbers. The soil in the experimental buckets was 24.7% silt, 10.0% clay, and 65.3% sand (Louisiana State University AgCenter Soil Laboratory, Baton Rouge, LA). Soil moisture in experimental buckets was maintained at approximately Ϫ0.2 bar matric potential, a reading of eight on a soil moisture meter (Lincoln Irrigation, Lincoln, NE). There were four treatments: Bb447, Bb2484, GardStar, and an untreated (mock) control, for which an uncovered SDAY agar petri dish without fungus was inserted into the colony. GardStar was applied at 10 l (AI) in 0.95 liter poured directly onto each colony. The experiment had four replications and was allowed to run for 8 wk, during which every colony was given food and water only, as above.
Data were collected weekly for three parameters. Fire ant numbers in each colony were estimated by inserting a 3 by 30-cm wood tongue depressor 10 cm into the soil in the middle of the colonyÕs surface. This "stake count" was the number of ants that climbed into the area on one side of the stake from 5 to 10 cm above the soil surface within 1 min. The strength of each colony also was estimated by a colony index system (Williams et al. 1999 ), a visual rating based on the number of ants and presence of brood visible when the colony is disturbed, which was done by tapping each colony-containing bucket Þve times. Brood were ignored for presentation of data in this study, such that an index rating of 1 indicates 1Ð100 ants in the colony, 2 represents 101Ð1,000 ants, 3 represents 1,001Ð10,000 ants, 4 represents 10,001Ð50,000 ants, and 5 represents Ͼ50,000 ants. Finally, at each weekly sampling, 20 live ants were collected from each colony and killed by freezing. The dead ants were agitated in a solution of 1.0% NaClO and 0.0005% Triton X-100 (Sigma, St. Louis, MO) for 1 min and rinsed three times in sterile distilled water; 10 ants were placed in each of two 100 by 15-mm petri dishes with SDAY agar and kept at room temperature for 14 d. The ants were checked daily, and growth of B. bassiana on individual ants was conÞrmed microscopically.
Soil Moisture Experiment. The second experiment determined the effect of soil moisture on prevalence of B. bassiana in laboratory colonies. The methods and materials in this experiment were the same as in the isolates experiment, with the following exceptions. Soil moisture was determined with a Watermark Soil Moisture Reader (Irrometer Co., Riverside, CA). There were Þve treatments: an untreated (mock) control and four treatments in which Bb447 was inoculated into the colonies that were maintained at different levels of soil moisture (0 [wet], Ϫ0.2, Ϫ0.5, and Ϫ1.0 bar [dry]). Soil moisture was checked daily to maintain these levels.
Soil Composition Experiment. The Þnal experiment determined the effect of soil composition on prevalence of B. bassiana in laboratory colonies. The methods and materials in this experiment again were the same as in the isolates experiment, with the following exceptions. Soil moisture was determined with the Watermark Soil Moisture Reader and was maintained at Ϫ0.2 bar. There were four treatments: an untreated (mock) control and three treatments in which Bb447 was inoculated into the colonies that were maintained in three different types of soil, with silt:clay:sand ratios of 70:15:15 (silt), 15:70:15 (clay soil), or 15:15:70 (sandy soil). Ingredient soils were mixed to produce these ratios. The following ingredient soils were analyzed for content at the Louisiana State University AgCenter Soil Laboratory: (1) Quickrete Play Sand (Quickrete Co., Atlanta, GA), 4.8% silt, 1.0% clay, and 94.2% sand; (2) white clay (Southern Pottery, Baton Rouge, LA), 9.2% silt, 90.0% clay, and 0.8% sand; and (3) silt from a Þeld near Baton Rouge, 81.0% silt, 15.2% clay, and 3.8% sand. Samples of the Þnal mixtures were analyzed again at the Soil Laboratory with the following results: the silt mixture was 69.5% silt, 15.8% clay, and 14.7% sand, with 1.66% organic matter and a pH of 7.5; the clay mixture was 15.3% silt, 70.3% clay, and 14.4% sand, with 1.22% organic matter and a pH of 6.8; and the sand mixture was 14.5% silt, 14.6% clay, and 70.9% sand, with 1.14% organic matter and a pH of 7.2. The control buckets (not inoculated with Bb447) contained the silt mixture. This experiment was run for 10 wk.
Data Analysis. Each 8-or 10-wk data set was tested by the general linear models procedure (GLM) repeated measures analysis of variance (ANOVA), with the Tukey studentized range honestly signiÞcant difference (HSD) comparison among means (SAS Institute 1996).
Results
The two B. bassiana isolates, Bb447 and Bb2484, did not differ in stake count or colony index estimators for ant numbers or in percent of ants infected (Table 1) in S. invicta colonies reared in buckets. Bb447 and Bb2484 signiÞcantly reduced overall ant numbers, based on stake counts, by 42 and 50%, respectively, compared with control colonies, and Bb2484 signiÞ-cantly reduced the colony-index rating by 28% compared with the control (Table 1) . Ant cadavers producing conidia of both fungal species were observed during colony-index sampling through the end of the experiment. GardStar was signiÞcantly more efÞca-cious than either fungal isolate in reducing ant numbers (Table 1 ). The repeated-measure ANOVA parameters for the three data sets (Table 1) were F ϭ 108.65, df ϭ 8, P Ͻ 0.0001 for the stake count data; F ϭ 4.54, df ϭ 8, P ϭ 0.0002 for the percent infection data; and F ϭ 3.84, df ϭ 8, P ϭ 0.0008 for the colony-index data.
Soil moisture signiÞcantly affected epizootics of B. bassiana in colonies of S. invicta reared in buckets (Table 2) . Percentage infection was the only param- (Table 2) . Fungal efÞcacy in Ϫ0.2 bar soil was signiÞcantly better than in Ϫ1.0 bar according to all three parameters, producing the lowest ant numbers and highest percentages of infection (Table 2) . Fungal efÞcacy in 0 and Ϫ0.5 bar soils was intermediate, but the Ϫ0.5 bar soil had signiÞcantly fewer ants than the 0 bar soil based on the stake count (Table 2) . In this experiment, the greatest percentage reduction in overall ant numbers compared with control colonies was in the Ϫ0.2 bar soil: 26% reduction based on stake counts and 17% based on the colonyindex rating (Table 2) . Ant cadavers producing conidia were observed during colony-index sampling through the end of the experiment in all treatments except Ϫ1.0 bar soil. The repeated-measure ANOVA parameters for the three data sets (Table 2) were F ϭ 310.49, df ϭ 8, P Ͻ 0.0001 for the stake count data; F ϭ 13.75, df ϭ 8, P Ͻ 0.0001 for the percent infection data; and F ϭ 18.85, df ϭ 8, P Ͻ 0.0001 for the colony-index data. Soil composition also signiÞcantly affected epizootics of B. bassiana in colonies of S. invicta reared in buckets (Table 3) . The results were similar for all three experimental parameters: efÞcacy of B. bassiana was signiÞcantly better in silt and sandy soil than it was in clay, which did not differ from the untreated control; results did not differ between silt and sandy soil (Table 3 ). The percentage reduction in overall ant numbers compared with control colonies was 27 and 28% for silt and sand, respectively, based on stake counts and 17 and 21% based on the colony-index rating (Table 3 ). The repeated-measure ANOVA parameters for the three data sets (Table 3) were F ϭ 123.53, df ϭ 10, P Ͻ 0.0001 for the stake count data; F ϭ 6.77, df ϭ 10, P Ͻ 0.0001 for the percent infection data; and F ϭ 16.05, df ϭ 10, P Ͻ 0.0001 for the colony-index data.
Discussion
The results clearly indicate that soil moisture and soil composition could be factors limiting the success of B. bassiana in suppressing populations of S. invicta. Soil composition may be the more problematic of the two factors for several reasons. First, soils with relatively high clay content, especially in subsurface horizons, are common throughout much of the range of S. invicta in the southeastern and southcentral United States (Foth and Schafer 1980) , and B. bassiana was completely ineffective in 70% clay, the fungus apparently almost completely disappearing within 7 wk of treatment (Table 3) . Second, although there was no ant control in Ϫ1.0 bar (dry) soil (Table 2) , even this most detrimental of the moisture treatments sustained infections by B. bassiana throughout the experiment, with a prevalence rate as high as 22.5%. Presumably, fungal disease could reach epizootic prevalence if it were enzootic and moisture was added to the system, for example, by rainfall. Third, a problem with moisture could be readily solved by application of the fungus in conjunction with some type of drench. Re- Number of ants crawling upward on a wooden stake 5Ð10 cm above ground within 1 min. The 30 by 3-cm (length by width) stake was inserted vertically 10 cm into soil of the mound to disturb the ants.
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ModiÞed index rating, where 1 ϭ search will be required to formulate B. bassiana so that it would be efÞcacious in soils with high clay content. Previous attempts at formulation or application methods have not taken soil composition into account , Oi et al. 1994 ). Previous research with Beauveria spp. in clay concerned soil persistence of the fungus, whereas transmission was the primary fungal function affecting the current results. In previous research, soil type did not affect grasshopper mortality caused by B. bassiana (Inglis et al. 1998) or occurrence of this fungus in soil throughout Finland (Vänninen 1995) . Clay positively affected the occurrence of a related species, B. brongniartii (Saccardo) Petch, in soil in Switzerland (Kessler et al. 2003) . Conidia of B. bassiana were coated with clay particles to increase persistence, but these clay-coated propagules either were not tested against insects (Fargues et al. 1983 or did not improve efÞcacy in nonclay soils ). In the current research, the experimental design required transmission for ants to become infected; conidial persistence was not a limiting factor because of the relatively short duration of the experiment and continued production of conidia in infected ants. Thus, clay may improve persistence of Beauveria conidia but inhibit host-to-host transmission. In another experiment, transmission of B. bassiana was lower in S. invicta kept in soil compared with ants living in containers with no soil, but soil composition was not speciÞed (Pereira and Stimac 1992) .
Further research is necessary to determine why clay is detrimental to B. bassiana transmission and epizootics in S. invicta. Many interactions could account for the effect of clay, such as interactions with temperature, moisture, or biotic agents. For example, B. bassiana clearly can be inhibited by antagonistic factors in nonsterilized soil (Clerk 1969 , Lingg and Donaldson 1981 , Groden and Lockwood 1991 , so it is possible that clay soils might support different inhibitory biotic agents from other soil types. However, moisture and temperature were controlled and decontaminated soil was used in the current soilcomposition experiment, so clay either must have inhibited B. bassiana directly or must have done so through an interaction with the ants.
Previous research of the effects of soil moisture on B. bassiana has not revealed consistent patterns. Survival of B. bassiana conidia has been better in relatively dry soil than in saturated soil (Lingg and Donaldson 1981, Studdert et al. 1990 ). Control or mortality of Spodoptera exigua (Hü bner) by B. bassiana, however, did not differ in Ϫ0.3 versus Ϫ2 bar soils ). Thus, those combined studies may indicate that soil moisture affects B. bassiana epizootics through factors other than survival of conidia. This is not inconsistent with the current results, because, as with soil composition, the most likely reason for the differences caused by soil moisture levels (Table 2) was their effect on fungal transmission. It is well known that production and germination of conidia of entomopathogenic fungi, processes essential to trans- Number of ants crawling upward on a wooden stake 5Ð10 cm above ground within 1 min. The 30 by 3-cm (length by width) stake was inserted vertically 10 cm into soil of the mound to disturb the ants. Twenty ants/treatment/replication frozen, surface-decontaminated, and placed on SDAY agar. mission, depend on moisture levels (Carruthers and Soper 1987) .
The fungal isolates did not affect prevalence of B. bassiana or ant numbers (Table 1) . Only two isolates were examined, but these were chosen by other researchers as promising strains for control of S. invicta , Oi et al. 1994 , Bextine and Thorvilson 1998 . It is entirely possible that further research of B. bassiana would identify superior isolates for control of S. invicta, particularly if limiting conditions such as soil type, moisture, temperature, and ant defenses are included with virulence as strain-selection factors.
InsufÞcient transmission kept B. bassiana from destroying the conÞned S. invicta colonies in the current research, because fungal inoculum was available in most treatments throughout all three experiments but did not infect 100% of the ants in a single colony. Further research clearly is necessary to overcome inhibition of transmission by limiting factors such as soil composition and moisture, but the ultimate success of B. bassiana will likely depend also on overcoming ant behavioral and chemical defenses interacting with various environmental factors.
